The use of failure case studies has been shown to benefit technical, professional, and ethical student learning outcomes in undergraduate education. Recently, incorporation of failure case studies into undergraduate civil engineering, civil engineering technology, construction management, and architecture curricula has been facilitated by the development of educational resources as part of a National Science Foundation (NSF) grant. This paper outlines the approach utilized to incorporate the World Trade Center Collapse case study into a junior-level Structures and Materials Laboratory course in an engineering technology and construction management program, identifying the technical and professional component outcomes supported by this case study. Assessment techniques utilized to evaluate technical comprehension of the building performance, as well as to evaluate the impact of this case study on student's interest in the engineering profession, are presented and discussed.
Introduction
Failure case studies have been found to be a valuable addition to the undergraduate engineering curriculum, providing valuable support into technical, professional, and ethical issues 1 . During the past several years, a project funded by the National Science Foundation (NSF) has focused on the implementation of failure case studies into engineering curricula. Work has focused on developing teaching resources on a wide variety of failure cases for faculty to utilize in a variety of undergraduate engineering courses 1, 2, 3 . The project has extended from the lead institution, Cleveland State University, to eleven other university partners, including the university of the lead author, the University of North Carolina at Charlotte. The findings of this project are well documented, with assessments of student learning based on surveys, focus group discussions, and faculty questionnaires. The analysis of student survey data indicated that "failure case studies can be used to provide indirect, quantitative assessment of multiple student learning objectives. Several outcomes that constitute the professional component of the curriculum may be assessed this way 4 ." Additional details regarding the project can be found in a number of publications 4, 5, 6, 7, 8, 9, 10 . Findings of the project "confirm the value of including failure case studies in engineering courses," as "they can help in attainment of all 11 ABET criterion 3 outcomes 10 ." Ultimately, information on a number of case studies that can be utilized in undergraduate engineering technology and construction management education has been published in technical journals 11, 12, 13, 14 and in other locations 2, 3 . This paper outlines one approach to utilizing the WTC to enhance student learning in an engineering technology course.
Course Description and Overview of Case Study Implementation
Failure case studies are most relevant, and their educational value most useful, when linked to specific course topics 2 . Failures of structures and other civil infrastructure are often related to structural design, mechanics of materials, and performance of materials under service (and Page 26.1069.2 severe) conditions. The Structures and Materials Laboratory course is a 1-credit writingintensive laboratory course taught to students pursuing undergraduate degrees in civil engineering technology and construction management. Since students previously completed coursework in construction materials and construction methods, the purpose of this course is to facilitate an advanced understanding of construction materials and to reinforce key structural design concepts. Objectives include identifying various modes of failure as well as evaluating the role of materials in various modes of structural failure. For several years, a number of failure case studies have been incorporated into the course to enhance student learning. It has specifically been demonstrated that the incorporation of failure case studies into this course has supported the "Professional Component" of the engineering technology curriculum 4 .
A study of the World Trade Center Towers 1 and 2 (WTC 1 and WTC 2) collapse has been successfully used in this course to illustrate a number of key concepts supporting technical course objectives, as well as reinforcing professional components of the engineering profession and forensics. This particular case study is seems to be particularly engaging to students because the event occurred during their lifetime, and the impacts of this event are still being felt.
Presented during the first two sessions of the course, the WTC collapse case study immediately engages students, providing an excellent overview of how the performance of construction materials under a diverse set of loading and environmental factors influences structural performance. The technical components that can be addressed during the WTC case study can be directly linked to other topics and activities scheduled subsequently during the course.
Method of Instruction
Previous research into the use of case methods in civil engineering courses indicate that a suitable sequence of steps for presenting a case-study in engineering teaching includes 15 It must be noted that the tragic events of 9/11 impacted, and continue to impact, many people. The loss of life occurring due to this event, along with the subsequent issues related to the health and well-being of those responding to and surviving the event, cannot be trivialized as part of this lecture. It is suggested that prior to beginning the lecture, the instructor ask the class if any student has been personally impacted by this tragedy, and appropriate action be taken to ensure the comfort of students with the material prior to beginning the case study. It is strongly encouraged that the instructor inform the students that this topic is being presented as an engineering study of building performance, and is not in any way meant to trivialize the significance of the human life lost during this horrific event.
During the first lecture, students are instructed to read a portion of the Executive Summary of FEMA 403 (page 1 to the middle of page 2), which provides an overview of the event, summarizes the timeline and key statistics, and sets the scene for the forensic investigation. The course instructor then introduces the FEMA 403 report as a multi-disciplinary collaborative effort to study the performance of the building at the WTC site, and ultimately to present recommendations to "produce improved guidance and tools for building design and performance evaluation 16 ." The diverse affiliations of the forensic investigation team and contributors are identified and discussed, and the rapid timeline of the forensic study, analysis, and preparation of the report.
The instructor then opens the floor to a guided discussion of the parts of the Executive Summary read by the students. A key focus of this guided discussion is the fact that the performance of WTC 1 and WTC 2 after the attacks is widely seen as a success (differing from many failure case studies, in which the performance of the structure is truly seen as a "failure"). At the time of the attacks, it is estimated that 58,000 people were present at the WTC complex. Of those present, 2,830 people were killed, including 403 emergency responders. As stated in FEMA 403, "The fact that the structures were able to sustain this level of damage and remain standing for an extended period of time is remarkable, and the reason that most building occupants were able to evacuate safely. 16 " At this point, most students have typically not considered the structural performance of WTC 1 and WTC 2 as one that many have saved lives. Seeing these iconic structures in a new light, and students start to question why the structures' performance allowed so many to escape.
The instructor then presents information on how the WTC 1 and WTC 2 towers were designed. Applicable codes and loads are presented, along with a discussion on the implications of static loads vs. impact loads. Students are often surprised to learn the WTC towers were the first nonmilitary and non-nuclear structures whose design included consideration of impact of an aircraft, (although the Boeing 707 considered in design was smaller and was expected to be traveling at significantly slower speeds than the Boeing 767 aircraft impacting the towers) 16 .
The floor plans, elevations, and typical section details presented in FEMA 403 are then introduced. Students are encouraged to consider the performance requirements of composite Page 26.1069.4 structural systems and connections. Most junior-level students in this course have taken a construction materials, statics, and engineering mechanics, and this provides an excellent opportunity to review structural details illustrating the use of multiple materials in configurations more complex than those to which students have typically been previously exposed. FEMA 403 has many useful illustrations and photographs that can be utilized to guide the discussion and set the scene for learning about performance of the structure under impact loads and fire exposure.
First, students are introduced to the floorplan of the structures (Figure 1 ), which had a service core surrounded by space typically occupied by tenants. Key to this part of the introduction is directing the students' attention to the role and configuration of the each building's service core and the core columns. The exterior wall system, comprised of built-up box columns and spandrel panels, is discussed ( Figure 2) . Implications of the WTC towers designed with a steel "exoskeleton" are alluded to, foreshadowing what will be learned subsequently regarding building performance under loads experienced when the aircraft impacted the towers. FEMA 403 also presents information on the connections (as shown in Figure 3 ) and floor systems ( Figure 4 ) that is easily understood by the junior-level students taking this course. Students are typically pursuing either a Civil Engineering Technology degree, a Construction Management degree, or both. Therefore, a brief discussion on the construction of the towers typically follows presentation of the typical details. Figures 5 and 6 are photographs of construction included in FEMA 403, which provides good insight into the scale and challenges related to high-rise construction. Page 26.1069.5 This introductory discussion is facilitated in a manner that, at conclusion of the first class period, ensures the students are familiar with the typical configuration of the WTC towers, and have a basic understanding of the structural components, materials, and construction techniques utilized. The students are then given a reading assignment of Chapter 1: Introduction, Chapter 2: WTC 1 and WTC 2, and the full Executive Summary (in that order), to be performed prior to the next class meeting.
The second lecture begins with a deeper review of the building codes applicable to the design of the structures and a discussion on design loads, presented in chapter 1 of FEMA 403. A simple model ( Figure 7 ) is utilized in this second class period to demonstrate the configuration of the buildings' core and exterior columns, illustrate redundant framing members, and demonstrate responses of the structures to lateral loading. Differences between WTC 1 and WTC 2 are discussed, specifically the orientation of the core of each of the towers. The service core of WTC 1 was oriented east to west, while the service core of WTC 2 was oriented north to south. This orientation plays a key role in the damage each structure experienced (due to the number of core columns damaged during impact) and ultimately, the amount of time each structure was able to remain standing after the impacts of the planes. The structural damage resulting from the initial impacts of the aircrafts is then presented and discussed. A summary of details presented in Table 1 is written on the board, supporting lecture information presented on the structural responses of WTC 1 and WTC 2 to the initial impact of each plane. It is emphasized that WTC 2 was struck lower in the tower, at a higher rate of speed. The model (Figure 7 ) is be used to illustrate the redistribution of load among structural members, particularly by removing "exterior" and "core" columns at higher and lower locations. The orientation of the core columns in relation to the face of the tower impacted is discussed, and it is pointed out that it is suspected that WTC 2 experienced damage to more core columns than WTC 1 . The increased stresses experienced in structural members due to load transfer from damaged/destroyed members should be discussed, as well as the unintended types of loading (additional moments, torsion, etc.) resulting from the cantilevered structure remaining above the areas of the structures destroyed by the initial impact of the planes. FEMA 403 states that the actual loads experienced by some members was computed to be higher than the design loads 16 , which facilitates discussion on safety factors, material properties, and redundancy in design. It is presented that despite significant structural damage, including localized collapse of substantial sections of the structure at the zone of impact, both WTC 1 and WTC 2 withstood the initial impact of the aircraft, and remained standing. This performance allowed time for a large number of occupants to exit the buildings and flee the site, and ultimately saving many lives.
It is stressed during this portion of the case study that the WTC attacks of 9/11 can be seen from a forensic standpoint as a two-part event. First, the impact of the aircraft, and second, the exposure of the structures to fire. Jet fuel from the aircraft ignited upon impact starting fires in both WTC 1 and WTC 2. As fuel flowed across floors and through elevator and utility shafts, fires spread through areas of the building adjacent to those directly impacted by the aircrafts 16 . Although the exact sequence of events leading to the collapse of WTC 1 and WTC 2 will likely never be identified, effects of the fire leading to the collapse are outlined in FEMA 403 in a manner that can be understood by undergraduate engineering technology and construction management students, and utilized to reinforce a number concepts previously learned in other courses. Details on structural fire protection are shown, and students can be introduced to the materials utilized in fireproofing. Discussion on the performance of fireproofing materials after the impact of the aircraft is facilitated, along with the impact of damage to fire prevention measures (sprinklers) and the locations of access/egress to the upper floors of the towers.
The presentation then moves to introducing the role of fire in softening and weakening of the structural steel. A discussion on the reduction of yield strength and modulus of elasticity is easily facilitated by the illustrations and discussion in FEMA 403. Implications of the extreme heat on the expansion of the concrete floor system, shown in Figure 8 . Expansion of the floor systems placed excessive stresses on the floor framing connections, likely resulting in failures 16 . Caternary action, the result of temperature-induced weakening and sagging of floors also likely led to failure of end connections of the floor slabs 16 , can also be presented and discussed, utilizing figures from FEMA 403. Progressive collapse, and its implications on current design practices, are also discussed, as this was the end result of the damage sustained 16 . At this point in the lecture, it is appropriate to restate that the findings of the investigation indicated that despite the massive initial damage, WTC 1 and WTC 2 were able to remain standing for "remarkable" lengths of time, allowing most of the occupants to evacuate. The combined effects of the aircraft impacts and the subsequent fires ultimately resulted in collapse after fires spread and some length of time of exposure occurred. Ultimately, the overall performance of the WTC 1 and WTC 2 structures was overwhelmingly effective, with FEMA 403 noting that "many buildings with other design and construction characteristics would have been more vulnerable to collapse in these events than the two towers 16 ."
Recommendations of the report are presented and class discussion is facilitated. A key finding presented in FEMA 403 is that the redundancy and robustness of the WTC structural framing systems allowed the structures to remain standing after initial impact 16 . Recommendations for additional study of the performance of connections under impact and fire loads are discussed. Considerations related to fire performance (fireproofing, fire protection systems, and access/egress design) are also included in FEMA 403, and can be identified and discussed.
As stated previously, the WTC towers case study is used as the first and second lectures in the Structures and Materials Laboratory course. Subsequent exercises in the course include materials testing experiments and structural experiments utilizing small-scale load frames. In addition to providing an engaging introduction to the key structural and materials-related performance issues supporting the course objectives, Appendix D of FEMA 403 provides information on the data collection methodology used to support the performance study. This can be directly linked to good laboratory practices that are taught and reinforced in this and other laboratory courses in the undergraduate engineering technology and construction management curriculum. Appendix D details the efforts of the Building Performance Study Team and the Structural Engineers Association of New York (SEAoNY) to identify pieces of steel that may provide insight into the performance of the WTC strucutres, and be preserved for future study 16 . Page 26.1069.10
The strategies used to select pieces of interest, as well as documentation methodologies are presented. A portion of a detailed spreadsheet summarizing some of the steel pieces identified, selected, and cataloged provides a useful tool for illustrating the importance of documentation and notetaking. Ultimately, Appendix D is utilized in this case study as an introduction to forensic engineering, reinforcing the value of learning from failure.
Assessment
At the conclusion of the WTC case study, students are quizzed to evaluate their technical understanding of the material. Two different types of quizzes have been utilized. One type of assessment tool (included as Appendix A) is a written response assignment, asking students to explain the 9/11 WTC events and collapse from a structural perspective. The second assessment tool (included as Appendix B) is a multiple-choice quiz, focusing on terminology and key concepts. For several years, as part of the NSF Case Studies project, surveys to evaluate the impact of this case study (and several others introduced later in this course), on students' interest in the engineering profession have been administered. Data from these studies is presented in a previous publication 2 .
Summary and Conclusions
Ultimately, it has been shown that lessons learned from failure case studies have improved civil engineering practice 9 . Based on qualitative student feedback obtained verbally and from end-ofsemester course evaluations, the WTC case study captures attention and supports the course objectives of this undergraduate engineering technology and construction management course. As part of the NSF Case Studies project, surveys taken at the conclusion of the course assessed the students' perceptions of the case study's impact on their interest in, and their understanding of, the engineering profession. It was found that understanding gained from this case study (and others incorporated more briefly in the course) reinforce both the Technical Component and Professional Component of ABET Criterion 3 student outcomes 4 . Incorporation of the WTC collapse, as presented in FEMA 403, into a junior-level engineering technology course has been shown to support student learning outcomes 4 . The authors hope that this case study has provided sufficient detail for others to integrate it into their courses.
Student Course Survey
Course: ETCE 3163L Instructor: Term: Fall 2013
Please rate the following with respect to your overall perception of the use of failure case studies in this class:
The case studies will contribute to: 
